The detailed cross-sectional shape of stress induced well bore breakouts has been studied using specially processed ultrasonic borehole televiewer data. We show breakout shapes for a variety of rock types and introduce a simple elastic failure model which explains many features of the observations. Both the observations and calculations indicate that the breakouts define relatively broad and flat curvilinear surfaces which enlarge the borehole in the direction of minimum horizontal compression. This work supports the hypothesis that breakouts result from shear failure of the rock where the compressive stress concentration around the well bore is greatest and that breakouts can be used to determine the orientation of the horizontal principal stresses in situ.
INTRODUCTION
Data from commercially available four-arm caliper logs have enabled several workers to show that there are spalled sections of well bores, termed "breakouts" in the petroleum industry, in which the average azimuth of the long (or spalled) dimension is very consistent within a given well or oil field [Cox, 1970; Babcock, 1978 Cox, 1983] have suggested that the consistent azimuth of the long dimension of the hole was parallel to the azimuth of the least horizontal principal stress.
In this paper we present detailed measurements of the crosssectional shape of breakouts in several wells using specially processed data from an ultrasonic borehole televiewer and extend the theoretical analysis of the mechanism of breakout formation proposed by Gough [1979, 1982] and Bell [1981, 1982] in order to explain better the observed breakout shapes. One of the case histories examined in this paper, a well located at Auburn, New York, is discussed at length by Hickman et al. [this issue].
OBSERVATIONS OF BREAKOUTS
The analysis of breakout formation by Gough and Bell [1981] and Bell and Gough [1982] predicted that breakouts are spalled regions on each side of the well bore which are centered at the azimuth of the least horizontal principal stress Sh where the compressive stress concentration was greatest. They suggested that the breakouts were the result of localized compressive shear failure, and their analysis predicted that the region of failure would be triangular in cross section, enclosed by flat conjugate shear planes oriented at a constant angle to the azimuth of the far-field horizontal principal stresses. In other words, the breakouts would have the appearance of pointed "dog ears" on opposite sides of the hole. However, as their primary source of information about well bore breakouts was four-arm caliper logs, their theory could not be tested because these instruments yield only two orthogonal well bore diameters as a function of depth and no information is avaiable on the detailed shape of the breakouts.
To overcome the limitations of four-arm caliper data, we have analyzed the detailed shape of breakouts in a variety of rock types using data from an ultrasonic borehole televiewer (Zemanek et al. [1970] describe the operation of the televiewer in detail). The televiewer is a well-logging tool that consists of a magnetically oriented rotating piezoelectric transducer which emits and receives an ultrasonic (• 1 MHz) acoustic pulse that is reflected from the borehole wall 600 times per revolution. In typical applications of the televiewer, well bore reflectivity, or "smoothness," is plotted as a function of azimuth and depth by displaying the amplitude of the reflected pulse as brightness on a three-axis oscilloscope. This yields an "unwrapped" image of the well bore surface. The televiewer has previously been very effective for studying fractures which intersect well bores at depth [e.g., Seeburger and Zoback, 1982] . In many cases, breakouts are also discernible on televiewer photos as regions of low reflectivity. By analysis of the travel time of the acoustic pulse as a function of azimuth, we have been able to make detailed cross sections of the well bore in intervals where breakouts occur. Conversion of travel time to borehole size is straightforward since the diameter of the hole is accurately known from caliper measurements. 
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This article is a U.S. government work, and is not subject to copyright in the United States. It is straightforward to extend the theory presented above to consider the general problem of the initial size of breakouts in terms of the rocks' cohesive strength and coefficient of friction and the magnitude of the horizontal principal stresses. For simplicity, we assume here that Su*< 3Sh*, which is almost always the case in situ [see Brace and Kohlstedt, 1980] , and that there is no excess fluid pressure in the well bore (AP = 0). A more complete analysis is presented in the appen- In the analysis above, we assumed that the fluid pressure in the well bore was the same as that in the formation (AP = 0). Figure 8 illustrates the effect of differences between fluid pressure in the well bore and that in the formation for Sn* = 22.0 MPa, S•*--11.0 MPa, and /• = 0.6. By increasing the well bore pressure by 2.5 MPa (Figure 8b) , the size of the breakouts is substantially diminished for cohesive strengths in the 5-10 MPa range. However, a decrease in AP by the same amount (Figure 8c ) markedly promotes breakout development. In this case, breakouts could occur for rock with a cohesive strength as high as 17.5 MPa. The strong influence of AP on the size and shape of breakouts is due to the change in normal stress on potential failure planes near the well bore. Positive AP increases normal streses on those planes and inhibits failure, whereas negative AP lowers normal stresses and promotes failure. A possible practical example of the principle illustrated in Figure 8 is the common practice of using dense additives in drilling muds (like barite) for stabilizing boreholes drilled in poorly indurated (low cohesive strength) formations. The mud increases AP, and well bore spalling is minimized.
The simple theory presented above is intended to explain the initial size and shape of breakouts. To address briefly the problem of breakout growth in order to consider the mechanism responsible for some of the deeper breakouts observed in Figures 2-4 , we can consider the elastic stress concentration around the well bore once a breakout has formed and the shape of the well bore is no longer circular. The stress field around the now broken-out well bore was computed using the numerical method known as the boundary element technique [Crouch and Starfield, 1983] . Several features of these equations are immediately apparent. First, if ao-a• is positive and AP-0, these equations reduce to (9)-(11). As breakouts are caused by well bore spalling due to the high shear stresses near 0-rt/2, it turns out that as long as ro is reasonably large, the first of these conditions is always satisfied within the breakout zone, even for finite values of AP. This is easily demonstrated by noting that ao-ar >> 0 at the well bore and that although the difference decreases with radial distance, the material will not fail beyond a region in which this stress difference is still large (and, by inference, positive). Where AP is nonzero, the formation of a breakout at the azimuth of the least effective principal stress still requires that ao -a• > O. Thus, in solving for the stresses in terms of the parameters describing the breakout shape, we can always assume that this relationship holds.
If AP is nonzero, we cannot solve explicitly for SH*/Sh* in a straightforward manner. However, (A7) can still be used to obtain an estimate of the ratio of the stresses if ro-eAP • Zo -kAP. In all but unusual circumstances (such as overpressured zones), AP will be much smaller than z 0. Also, e and k are approximately equal to one. Therefore, z o --eAP will in general be approximately equal to z o -kAP. Estimates of stress ratio from (11) will therefore be within 10% or less of the correct value unless the breakout formed when the fluid pressure in the well was greatly different from that in the formation.
